Hydrogen absorption in f.c.c. nanoparticles of 1-8 nm diameter was investigated using molecular dynamics simulation with model interatomic potentials. Atomic configuration with five-fold symmetries was observed in both hydrogen-free and hydrogenated particles smaller than 2 nm. The f.c.c. structure was maintained in larger particles after hydrogenation in cases where the M-H interaction is weak. Lattice deformation was induced in cases of strong M-H interaction. A shift of critical size for icosahedral-cubic transition by hydrogenation was also inferred. The number of absorbed H atoms increased concomitantly with increasing particle size and M-H interaction. Most absorbed H atoms located at O-sites when M-H interaction was weak. The T-site occupancy increased with M-H interaction. Analysis using local atomic configuration revealed that structural variation in nanoparticles results from three factors: surface effects, icosahedral transformation, and lattice deformation attributable to M-H interaction.
Introduction
Large surface area per volume of metallic nanoparticles is a favorable property for high absorption and desorption rates in hydrogen storage. Hydrogen absorption in nanoparticles has been studied for many years, mainly on Pd. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Pundt and coworkers 6, 7) showed that the crystal structure of hydrogenated Pd nanoparticles varies depending on the cluster size. It includes not only the equilibrium and 0 phases in the f.c.c. structure, but also the icosahedral phase, which was also found in hydrogenated Co and Ni nanoparticles. 8) Behaviors of H atoms in lattice defects such as surface, interface, vacancy and dislocation have been pointed out as key issues in hydrogen storage. 9) Yamauchi et al. 10, 11) described cluster size dependent P-C isotherms of Pd nanoparticles in comparison with those in bulk samples. They reported that the large difference between nanoparticles and bulk resulted from surface effects. These results show that structural variation by hydrogenation and its particle size dependency are important to understand hydrogen storage mechanisms in nanoparticles.
Aside from experimental methods, classical molecular dynamics (MD) simulation is a powerful tool for investigating structural variation in complex systems such as mixtures of nanoparticles and hydrogen atoms. Pundt et al. 7) simulated the pair distribution functions in nanoparticles using classical MD and compared those results with X-ray diffraction data. The present author recently conducted classical MD simulation on hydrogen absorption in metallic nanoparticles. [12] [13] [14] [15] Previous studies have addressed the radial distribution of absorbed hydrogen atoms in nanoparticles, 12) grain boundary generation by hydrogenation, 13, 14) and simulated P-C isotherms. 15) These studies were intended to elucidate mechanisms of hydrogen storage in nanoparticles on the concept of 'parameter physics' covering a wide phenomenological range. In this study, the author analyzes particle size dependencies of lattice structures and hydrogen absorption sites in model f.c.c. nanoparticles.
MD Simulation
For simulating f.c.c. nanoparticles, six model particles presented in Table 1 were assumed. The smallest model comprises 55 atoms in cuboctahedral shape, of which diameter D is about 1 nm. Actually, 55 is widely known as a 'magic number' for f.c.c. clusters. The next smallest model comprises 135 atoms in spherical shape of D ¼ 1:4 nm. These two models turned into icosahedral structures during an initial MD run for relaxation. Another four larger models were assumed to be spherical, with 2-8 nm diameter. The largest model comprises 24 499 atoms. Each model particle was set at the center of a cubic MD cell of (12 nm) 3 with 3D periodic boundary conditions. The number of hydrogen atoms is 39 559. They were arranged initially in the face-centered cubic lattice within an octahedral space at the corner of the MD cell. 12) After starting MD calculation, hydrogen atoms evaporate rapidly from the octahedral crystal because of the H-H repulsive forces and form a homogeneous gas phase outside the nanoparticles. The volume of the gaseous phase surrounding the nanoparticle varies about 15% according to the particle size. However such a small difference is considered negligible for simulation results.
The potential energy E of the system is assumed to be in the form of 
where V iÀ j denotes the pair potential between atoms i and j as a function of the distance r ij , F stands for the embedded function, and i signifies the electronic density at atom i from surrounding atoms. The metal-metal interaction, V M-M , was fixed to that for f.c.c. Ni proposed by Ackland et al.
16)
The atomic weight of metallic atoms was adjusted to Ni. The metal-hydrogen pair interaction, V M{H , is assumed to be variable by introducing two parameters as "V M{H ðr þ ÁrÞ for parameter physics, 12) where " and Ár respectively signify the energy and bond length parameters. As the reference function for V M{H , the potential function proposed by Ruda et al. 17) for the Ni-H pair was adopted. The H-H pair interaction is fixed to that with monotonic repulsion. 17) For simplicity, the embedded function only for M-M pair was taken into account.
For parameter physics, " ¼ 1, 2, 4, and 6 were assumed and Ár was fixed to À0:1 nm. According to preliminary analyses, absorption energy of H atoms for these parameter values was estimated to be in the range of À21 to À176 kJ/mol H, which corresponds to elements such as Pd, Th, Ca, Sr, and La.
18) The use of repulsive potential function for H-H pair results hydrogen gas in the monoatomic phase. Therefore, we should limit our discussion to hydrogen dynamics inside the particle. The MD simulation was conducted using a constant-NVT condition at 300 K with velocity scaling for 100 ps, which is sufficient for equilibration of H atom in the case of 10 nm particles. 13, 14) Calculation was conducted using a parallelized MD code 19) on a cluster computer composed of 192 cores.
Results
Figure 1 portrays lattice structures of hydrogenated nanoparticles with weak (" ¼ 1) and strong (" ¼ 6) M-H interactions. Five-fold symmetries were recognized in 1 and 1.4 nm particles. For weak M-H interaction, 1 nm particles have a perfect icosahedral structure and 1.4 nm particles have a highly symmetric icosahedral arrangement lacking several surface atoms. The initial f.c.c. arrangement was maintained after hydrogenation in larger particles. These variations are commonly observed in hydrogen-free cases. For strong M-H interaction, the resultant structures are slightly different. Icosahedral configurations in 1 and 1.4 nm models were disordered at the surface. Structures of 2 nm particle were strongly disordered, but its five-fold symmetries were apparently partly maintained. Such a shift of the critical size for icosahedral to cubic transition by hydrogenation was reported by Pundt et al.
7) The f.c.c. lattice was recognized in 4 nm and 6 nm models, but it was accompanied by lattice deformation or a grain boundary. Formation of the grain boundary by hydrogenation was also simulated in model b.c.c. nanoparticles. 13, 14) Amounts of absorbed hydrogen atoms in nanoparticles are depicted in Fig. 2 for " ¼ 1, 4, and 6 . The values of H/M ratio vary from 0.6 to 1.9 as a function of cluster size and M-H interaction. Generally, ratios increase concomitantly with increasing M-H attractive interaction and particle size. Such positive dependency on particle size has been observed experimentally. 10, 11) Numbers of hydrogen atoms coordinated by 4-6 metallic atoms are also shown in the figure. In cases of " 2, about 80% of the absorbed hydrogen atoms have six coordinating metallic atoms, which means that they locate mainly at O-sites. The apparent small ratio of H atoms at O-site in 1 nm particle is attributable to the limited number of O-sites. Quantities of O and T sites in 55 atoms icosahedral cluster are 20 and 80, respectively, which ratios are half of that in the f.c.c. bulk: 1 : 2. The actual number of H atoms at O-site in this case is 14; consequently, the occupation ratio in O-sites is 70%. The number of hydrogen atoms at the T-site, however, increases with the " value. About half of the absorbed hydrogen atoms are located at T-site in the case of " ¼ 6. Reduction of hydrogen atoms at O-site for high " values might be caused partly by lattice deformation observed in Fig. 1 , which generates asymmetric interstitial sites having coordination numbers of 5 or 7.
Discussion
As presented above, hydrogenation of small f.c.c. particles induces complex structural variation depending on both particle size and M-H interaction. To understand the hydrogenation mechanism, local structures of metallic lattice in nanoparticles were analyzed. Figure 3 presents three local units named T, C 2 , and C 5 used in this analysis. The T unit is a tetrahedron that is not necessarily a regular tetrahedron as in the f.c.c. lattice. The C 2 unit comprises two tetrahedra connected by one common edge that appears everywhere in the f.c.c. lattice. The C 5 unit is a combination of five tetrahedral with one common edge which does not exist in f.c.c. lattice, but which appears in icosahedral clusters and possibly in amorphous metals.
Data related to T and C 2 units in hydrogen-free and hydrogenated nanoparticles are given in Fig. 4 . The number of T and C 2 in hydrogen-free or low " cases is known to converge to a smooth, monotonically increasing curve. The values scaled by the number of metallic atoms M approach those of bulk, 2 and 6 for T and C 2 , respectively. Herein, we consider a trial form for these curves as ðr À r 0 Þ=ðr À d s Þ where r is the radius of nanoparticle and r 0 and d s are fitting parameters respectively representing the minimal radius for 616 H. Ogawa which T or C 2 vanishes, and the surface layer thickness. As dotted lines in the figure show, the trial form expresses the variations of these units, except for smaller particles in which icosahedral transition occurs. Deviations from the fitting curves were observed in cases of 2 nm particle for " ¼ 4 and all particle sizes for " ¼ 6. Figure 1 shows that these deviations result from the lattice deformation. Therefore, it can be summarized that the lattice structure is affected by surface effects and the icosahedral transition in hydrogenfree nanoparticles, and also by lattice deformation attributable to M-H interaction in hydrogenated nanoparticles.
To separate the effects of icosahedral transformation and lattice deformation, structure unit C 5 was analyzed as presented in Fig. 5 . If the 55 atoms cluster has an ideal icosahedral structure, there exist 24 C 5 units hence the C 5 /M ratio should be 0.44. The current result shows good agreement with this assumption. The C 5 units were observed in very narrow ranges in D < 2 nm. The existence of partial icosahedral symmetries remaining in 2 nm particle for " ¼ 6 observed in Fig. 1 is confirmed here. Consequently, we conclude that icosahedral transformation attributable to hydrogenation occurs in some cases, and that effects of hydrogenation in particles larger than 2 nm take places mainly as lattice deformation and grain boundary generation, as presented in Fig. 1 .
Summary
Hydrogen absorption and related structure variation in f.c.c. nanoparticles were investigated using classical MD simulation. Transformation from f.c.c. to icosahedral arrangements was observed in both hydrogen-free and hydrogenated particles smaller than 2 nm. The fundamental structure in larger particles was found to be f.c.c. with some modification by lattice deformation and the grain boundary. The amount of absorbed hydrogen atoms increased concomitantly with increasing particle size and M-H interaction. About 80% of H atoms located at O-sites in cases of weak M-H interaction, and the ratio of H at T-site increased concomitantly with increasing M-H interaction. Analysis based on the local structure units showed that structural variation in nanoparticles can be understood by surface effects, icosahedral transformation, and lattice deformation attributable to M-H interaction. The surface effect was expressed as a simple trial form. The current MD simulation, which presented a specific image of hydrogenation of nanoparticles, is expected to provide valuable information for elucidating the hydrogen storage mechanism by nanoparticles.
